Chemo-enzymatic synthesis of oligosaccharides exploits the diversity of glycosidases and their ability to promote transglycosylation reactions in parallel with hydrolysis. Methods to increase the transglycosylation/hydrolysis ratio include site-directed mutagenesis and medium modification. The former approach was successful in several cases and has provided the best synthetic yields with glycosynthases-mutants at the catalytic nucleophile position that promote transglycosylation with high efficiency, but do not hydrolyze the oligosaccharide products. Several glycosidases have proven recalcitrant to this conversion, thus alternative methods to increase the transglycosylation/hydrolysis ratio by mutation would be very useful. Here we show that a mutant of a β-galactosidase from Alicyclobacillus acidocaldarius in an invariant residue in the active site of the enzymes of this family (glutamic acid 361) carries out efficient transglycosylation reactions on different acceptors only in the presence of external ions with yields up to 177-fold higher than that of the wild type. This is the first case in which sodium azide and sodium formate in combination with site-directed mutagenesis have been used to introduce transglycosylation activity into a glycosidase. These observations will hopefully guide further efforts to generate useful synthases.
Introduction β-Galactosidases working in transglycosylation mode are often used for the synthesis of sugars of commercial interest like galactooligosaccharides (GOS) that, enhancing the intestinal microflora, are used as prebiotics conferring health benefits when used as food additives (Roberfroid 1997; Roberfroid 2007; Intanon et al. 2014) . These enzymes follow a reaction mechanism in which the anomeric configuration of the substrate is retained in the product. It consists of a double displacement reaction, involving a covalent glycosyl-enzyme intermediate that is formed and hydrolyzed (glycosylation and deglycosylation steps, respectively) via oxocarbenium ion-like transition states (TS1 and TS2 in Figure 1A , respectively) (Bissaro et al. 2015) . Moreover, since enzymes are exo-acting attacking their substrate from the non-reducing end ( Figure 1B ), GOS production occurs when the galactose from the lactose donor bound in subsites −1/+1 ( Figure 1B ) is transferred to an acceptor other than water (transglycosylation vs. hydrolysis). The acceptors, accumulating in the reaction and competing in the acceptor binding site of the enzyme (subsites from +1 and onwards) can be lactose (bound in subsites +1 and +2), the products of its hydrolysis galactose and glucose (bound in subsite +1), or oligosaccharides that were formed in previous transgalactosylation events (bound in subsites +1...+n). Resulting products can be oligosaccharides of diverse length with β-(1-3), β-(1-4) and β-(1-6) linkages, depending on the regioselectivity of the β-galactosidase (Intanon et al. 2014; Rodriguez-Colinas et al. 2014) .
The main drawback of transgalactosylation reactions is that synthetic products are also substrates of the enzyme (in this case they bind in subsites −1/+1), thus, final yields cannot be quantitative ( Figure S1A ) (Moracci et al. 2001) . One of the approaches that has proved to be a powerful alternative for the glycosidase-catalyzed synthesis of oligosaccharides is that of glycosynthases (Mackenzie et al. 1998; Malet and Planas 1998; Moracci et al. 1998) . In this technology, retaining glycosidases (GH) with mutated catalytic nucleophiles are hydrolytically inactive, but can promote transglycosylation reactions in the presence of activated substrates and/or external ions leading to product accumulation with yields often >90% (Figures S1B and C). Glycosynthases have been obtained from several α-and β-glycosidases (Honda and Kitaoka 2006; Cobucci-Ponzano The R 1 donor can be either an activated moiety (e.g. 2-nitrophenol) or a sugar (e.g. glucose for β-galactosidases). In the deglycosylation step, when R 2 = H, the acceptor is a water molecule and hydrolysis occurs, while if R 2 = sugar, alcohol, etc. we observe transglycosylation. In this case, the product can become a donor substrate. (B) Description of the catalytic site of a GH acting from the non-reducing end of the substrate according to the current nomenclature (Davies et al. 1997) . Thick bars indicate the point of cleavage of the substrate; donor subsite is denoted by a negative number while acceptor subsites are positively denoted. In β-galactosidases acting on lactose, galactose and glucose would be located in the −1 and +1 subsites, respectively. et al. , 2011b Armstrong and Withers 2013) allowing the synthesis of a remarkable variety of oligosaccharide products that can be useful in a range of applications (Perez et al. 2011; Kwan et al. 2015) . Among β-galactosidases (EC 3.2.1.23), which are currently classified in families GH1, 2, 3, 35, 42, 50 and 59 of the Carbohydrate Active Enzyme classification (www.cazy.org) (Cantarel et al. 2009; Lombard et al. 2014) , β-galactosynthases have been obtained from GH1, 2 and 35 by following the inverting approach described in Figure S1B and exploiting α-galactosyl fluoride (α-Gal-F) substrate. The original glycosynthase from Agrobacterium sp. (Glu358Ala) was a β-galactosidase/glucosidase that synthesized galactosides containing mainly β-(1-4) linkages (Mackenzie et al. 1998) . A double mutant Glu537Ser/Gly794Asp (involving the catalytic nucleophile plus an additional point mutation) of the LacZ Escherichia coli enzyme, produced β-(1-6) linkages in oligosaccharides with yields >70% (Jakeman and Withers 2002) . Likewise the Glu233Gly mutant of the GH35 β-galactosidase from Bacillus circulans yielded a series of β-1,3-linked products (Li and Kim 2014) .
In the framework of our study of engineering the reaction mechanism of glycoside hydrolases for oligosaccharide synthesis, we decided to explore the possibility of improving the synthetic ability of the β-galactosidase from the thermoacidophilic bacterium Alicyclobacillus acidocaldarius (Aaβ-gal). This enzyme belongs to GH42, a family including enzymes that are highly specific for β-D-galacto-and α-L-arabinopyranosides but with diverse regioselectivities (Shipkowski and Brenchley 2006; Viborg et al. 2014a Viborg et al. , 2014b . No glycosynthases from family GH42 have been described so far, but some have been reported to catalyze transgalactosylation reactions (Moller et al. 2001; Hinz et al. 2004) , and an engineered GH42 β-galactosidase has proved useful in GOS production (Placier et al. 2009 ).
The catalytic residues of the enzymes from this family were identified in the β-galactosidases from Bacillus subtilis and A. acidocaldarius through use of a mechanism-based inhibitor followed by peptide mapping and via site-directed mutagenesis followed by chemical rescue (Shaikh et al. 2007; Di Lauro et al. 2008) . In Aaβ-gal, Glu313 and Glu157 were the nucleophile and the acid/base of the reaction, respectively (Di Lauro et al. 2008) . However, we demonstrated that the nucleophile mutant of Glu313Gly did not act as a glycosynthase in the presence of external ions in the way that had been seen with similar mutants of other thermophilic glycosidases Trincone et al. 2003; Cobucci-Ponzano et al. 2009 , 2011b .
Here, we report the detailed characterization of a novel Aaβ-gal mutant in a noncatalytic residue that substantially improved the transgalactosylation activity of the wild type. In addition, we show that the presence of external ions enhanced both bioconversion rates and synthetic yields of this novel transgalactosidase. These results and their implications in the reaction mechanism of other GHs are also discussed.
Results

Identification of conserved active site residues in GH42
We have previously reported that the GH42 β-galactosidase from A. acidocaldarius (Aaβ-gal) mutated in the nucleophile of the reaction (Glu313Gly) was not a glycosynthase (Di Lauro et al. 2008 ). However, surprisingly, Glu313Gly catalyzed the synthesis of transglycosylation products from 2-nitrophenyl β-D-galactopyranoside (β-D-Gal-2NP). The reason of this remained unclear (Supplementary material Figures S2-S8 ), but these results prompted us to identify other residues in the active site that might be involved in the transglycosylating activity of the Glu313Gly mutant.
The amino acid sequence of Aaβ-gal (ABI84370.1) was analyzed through ClustalO multialignment, with 165 different sequences belonging to the GH42 family showing an identity ≥40% ( Figure S9 , Table SII ). This multialignment revealed several conserved regions and five carboxylic residues that are invariant among all family GH42 members, beyond the acid/base Glu157 and the nucleophile Glu313 residues, namely Asp35, Asp271, Asp276, Asp448 and Glu361. To check which of these residues were located in the vicinity of the active site, we analyzed the 3D-structure of GH42 Bca-β-Gal from B. circulans sp. alkalophilus (PDB ID: 3TTY) (Maksimainen et al. 2012) , which was the structurally characterized GH42 enzyme with the highest identity (42%) to Aaβ-gal. Through SWISS-MODEL (http://swissmodel.expasy.org) (Biasini et al. 2014) we obtained a predicted structure with an overall backbone root-mean-square deviation (RMSD) of 0.388 Å and a Global Model Quality Estimation (GMQE) of 0.76 ( Figure 2A) . Inspection of the model in conjunction with the multialignment allowed the identification of the highly conserved domains A, B and C, as previously described ( Figure S10 ) (Hidaka et al. 2002; Maksimainen et al. 2012 ), corresponding to a (β/α) 8 barrel containing the catalytic site (Domain A: Met1-Val400, Aaβ-gal numbering), an α/β fold stabilizing the structure (Domain B; Lys401-Arg616), and an anti-parallel β-sandwich of unknown function (Domain C: Ala617-Gly688). This comparison, which further confirmed the catalytic nature of the residues Glu313 and Glu157, showed that Asp276 and Glu361 are the ones closest to the catalytic residues ( Figure 2A ). In particular, Asp276 and Glu157 are about 2.5 Å apart while Glu361 H-bonded the OH group at position C-4 of the galactose at a 2.4 Å separation. We therefore decided to characterize in more detail the roles of these residues in catalysis.
Characterization of Aaβ-gal mutants
Aaβ-gal wild type and the mutants Glu157Gly and Glu313Gly were already available in our laboratory while the mutants Asp276Gly and Glu361Gly were prepared by site-directed mutagenesis and produced as previously described (Di Lauro et al. 2008) . The recombinant enzymes were characterized by measuring the steady-state kinetic constants on β-D-Gal-2NP in 50 mM sodium citrate buffer, pH 5.5 at 65°C and analyzing the pH dependence, the effect of external ions on catalysis, and the transgalactosylation activity.
The Asp276Gly mutant showed a k cat value 17-fold lower than that of the wild type (k cat 141.53 s −1 vs. 2400 s
) and a K M 57-fold lower (0.07 mM vs. 4.0 mM) resulting in a specificity constant (k cat / K M ) that is slightly higher than that of the wild type (Table I ). In addition, removal of Asp276 had no effect on the dependence of k cat /K M upon pH, suggesting that the pK a values of the catalytic residues in the free enzyme, reflected by k cat /K M (Zechel et al. 2003) , remained unchanged ( Figure 3 ). To further probe the role of this residue, we tested whether its activity could be chemically rescued by external ions. High concentrations of sodium azide or sodium formate (2 M) did not affect the activity of the Asp276Gly mutant (Table I ) and no galactosyl azide products could be observed (data not shown), indicating that they were not working as nucleophiles.
The characterization of Glu361Gly produced different and unexpected results. The analysis of the steady-state constants showed k cat and k cat /K M values >400-fold lower than those of the wild type and a completely flat profile of the pH dependence was also observed (Table I and Figure 3 , respectively). In addition, interestingly, the turnover number of Glu361Gly increased about 114-and 28-fold in 2 M sodium formate and 1 M sodium azide, respectively, as well as the corresponding k cat /K M values by 18-and 10-fold, respectively, (Table I) showing the highest reactivation in sodium azide at concentrations as low as 250 mM (Figure 4 ). This is rather unexpected since Glu361, which lies in the -1 subsite, is H-bonded to the OH group at C-4 position of the Gal donor and, apparently, does not interact with Glu157 and Glu313 catalytic residues (Figure 2A and B). Thin layer chromatography (TLC) analysis of the reaction mixtures containing the Glu361Gly mutant in the presence of β-D-Gal-2NP and external ions at 50 mM concentration revealed no evidence for galactosyl azide/formate products. However, surprisingly, β-D-Gal-2NP substrate was consumed after 60 min and several transgalactosylation products (UV-visible spots) were observed, possibly resulting from autocondensation reactions ( Figure 5A and B). In the absence of external ions, β-D-Gal-2NP was still present after 180 min of reaction and the total conversion required 16 h ( Figure 5C ). In addition, at these conditions and during 10-60 min reaction time, the number of spots corresponding to transgalactosylation products was always lower than those found in the presence of sodium azide/formate. Similar results were obtained when reactions were carried out by using the same enzymatic units (0.066) determined at each reaction condition used ( Figure 5D -F). Therefore, these ions not only accelerate the reaction of the mutant, but also increase the transglycosylation/hydrolysis (T/ H) ratio. These unexpected results prompted us to isolate and characterize the transgalactosylation products of Glu361Gly.
Transglycosylation activity of the mutant Glu361Gly
To test the transgalactosylation activity of Glu361Gly on different acceptors, reactions were incubated in 50 mM sodium citrate buffer (pH 5.5), 50 mM sodium azide at 65°C with β-D-Gal-2NP as donor and
, 2), and methyl β-Dxylopyranoside (β-D-Xyl-Me) as acceptors. Since none of these glycosides were substrates of Aaβ-gal (Di Lauro et al. 2008) , the activity of the enzyme could be followed under standard conditions. In addition, even though the use of 50 mM sodium azide resulted in only one third of the activity at 250 mM, this concentration allowed easier TLC analysis and product separation.
The optimal molar ratio of 1:2 between donor and acceptor was established after preliminary tests (data not shown). Under these conditions, again, the specific activity of Glu361Gly increased with all the substrates tested ( Figure 6A ) and TLC analysis revealed the synthesis of transgalactosylation products with completely different Rf values compared to those found in the presence of β-D-Gal-2NP alone, indicating little competition with the donor substrate in the acceptor binding site ( Figure 6B ). These observations were confirmed in the time-course studies shown in Figure 7 : in the autocondensation reaction (panel A) and with all the acceptors tested (1, β-D-Xyl-Me and 2 in panels B, C and D respectively) the mutant Glu361Gly consumed all donor after 180 min largely in formation of transgalactosylation products (compare Figure 7A with B-D). Substantial accumulation of products was also observed with acceptors 1 and 2 even after 16 h incubations ( Figure 7B and D) , indicating that the mutant did not hydrolyze the products efficiently. To compare the transgalactosylation abilities of the wild type and mutant Glu361Gly, the former was incubated with β-D-Gal-2NP as donor and 1 as acceptor while using the same number of β-galactosidase units as was used for the mutant Glu361Gly (1.62 Units). Enzymatic units were calculated at their respective optimal conditions, i.e. for the mutant, at standard conditions and in the presence of 50 mM sodium azide ( Figure 7E ). As can be seen, the mutant yielded higher levels of products than the wild type, which completely hydrolyzed the substrate after 30 min with no significant synthesis of transglycosylation products (compare B and E in Figure 7 ). This further confirmed that the mutant accelerated the reactions and increased the T/H ratio.
We quantitatively compared the transgalactosylation efficiencies of the wild type and the Glu361Gly mutant by high-performance Fig. 2 . 3D-structures of GH42 β-galactosidases. (A) Superimposition of the active sites of the Aaβ-gal model (labelled residues) and the experimental 3D-structure of Bacillus circulans sp. alkalophilus (Bca-β-Gal) with a bound galactose molecule (PDB ID: 3TTY). The distances between Asp276 and Glu157 and between Glu361 -OH at position C-4 of galactose (Aaβ-gal numbering) are shown with dotted lines. The catalytic site of Bca-β-Gal is shown in (B and D) . The model of the mutant Glu355Gly, which corresponds to the Glu361Gly in Aaβ-gal, is shown in (C and E); all the structures are in complex with galactose. The outlines of the surfaces occupied by the nucleophilic residue Glu307 (Glu313 in Aaβ-gal), acid/base Glu150 (Glu157 in Aaβ-gal), and Asp275 (Asp276 in Aaβ-gal) are shown as dotted, dashed, and dash-dot lines, respectively. Residue 355 (361 in Aaβ-gal), highlighted with a solid line, is reported in (B and D) as glutamic acid, and as glycine in (C and E). This figure is available in black and white in print and in color at Glycobiology online.
anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD). The results summarized in Figure 8 clearly show the remarkably high transgalactosylating efficiency of the mutant compared to the wild type, on all the substrates tested. In particular, using 1 as acceptor the efficiencies were 53.1 and 0.3% for the mutant Glu361Gly and wild type, respectively, while, using 2 and β-D-Xyl-Me, yields were 48.3 vs. 24.4% and 49.0 vs. 21.0% for the mutant Glu361Gly and the wild type, respectively. 
, where R is the universal gas constant and T is the temperature in degrees Kelvin. This equation is used to analyse the effect of mutations on TS since in most retaining β-glycosidases, the k cat /K M describes the first glycosylation step of the reaction while k cat provides information on the second deglycosylation step that, in case of donor substrates bearing a good leaving group, became rate-limiting (Bissaro et al. 2015) . At concentrations >50 mM, NaN 3 affected the enzymatic assay described in Materials and methods. Scale-up of reactions containing the β-D-Gal-2NP donor and 1 and 2 as acceptors, allowed the purification and characterization of products as described in the Materials and methods section and as reported in Table II . Interestingly, the mutant was able to transfer the galactosyl moiety individually to the hydroxyls in the C-2, C-3 and of C-6 positions the acceptor 1, with a total yield of heterocondensation products of 93%, considering 100% the products of homo-and heterogalactosylation. The most abundant ones were the disaccharide β-D-Gal(1→3)-β-D-Glc-4NP (12, 3′-galactosyl-glucose-4NP) and the trisaccharide β-D-Gal(1→3)-β-D-Gal(1→3)-β-D-Glc-4NP (6) which comprised 49.4 and 25.7%, respectively, of all the transgalactosylation products. The only tetrasaccharide identified was β-D-Gal(1→3)-β-D-Gal(1→3)-β-D-Gal(1→3)-β-D-Glc-4NP (11, 1.0%). Interestingly, 6, 11 and 12 are the only products resulting from a direct attack onto the 3-position of the acceptor 1 and reached a final yield >75% of all the transgalactosylation products indicating a good regioselectivity of the Glu361Gly mutant on the OH group at position C-3 of the β-D-Glc-4NP acceptor. In fact, transgalactosylations on the OH group at position C-6 [3, β-D-Gal(1→6)-β-DGlc-4NP] and C-2 [4, β-D-Gal(1→2)-β-D-Glc-4NP and trisaccharides 8 and 9, obtained at 9.9, 1.0 and 3.0%, yields, respectively] showed relative ratios of only 3% and 13.9% in the synthesis of hetero-β-1,6 and -β-1,2 linkages.
Using 2 as acceptor heterocondensation products accounted for almost 80% of the characterized species, again with good but different regioselectivity if compared with acceptor 1. In fact, surprisingly, on α-D-Xyl-4NP the β-1,2 and β-1,4 linked hetero-oligosaccharides accounted for over 75% of all the characterized products. The disaccharide β-D-Gal-(1→4)-α-D-Xyl-4NP (18) was the most abundant compound with this acceptor (37.8% of all the transgalactosylation products), and it was elongated to a small extent to the trisaccharide β-D-Gal-(1→3)-β-D-Gal-(1→4)-α-D-Xyl-4NP (17, yield 2.0%), thereby providing a final relative yield >39% of hetero-β-1,4 linked products. The disaccharide β-D-Gal-(1→2)-α-D-Xyl-4NP (15) was the second most abundant product with a relative yield of 35.3%, some of which was elongated to the trisaccharides 13 and 14 (1.5 and 1.1%, respectively); hence a total relative yield of 34.7% for hetero-β-1,2 linked products was obtained. Interestingly, the mutant showed low selectivity for formation of β-1,3 products with the α-D-Xyl-4NP acceptor (16, 2.0%). 
Discussion
Enzymatic synthesis of GOS catalyzed by retaining β-galactosidases working in transgalactosylation mode is far from being fully optimized. This prompted us to try improving the transgalactosylating activity of the GH42 Aaβ-gal by combining site-directed mutagenesis and reaction medium modification. In fact, this, like other thermozymes, shows remarkable intrinsic stability allowing the use of high concentrations of salts and organics in the reaction medium (Trincone et al. , 2005 Cobucci-Ponzano et al. 2011a; Bayon et al. 2015) . Aaβ-Gal mutants in the nucleophile of the reaction (Glu313) did not work as glycosynthases in the presence of externally added nucleophiles (e.g. sodium formate), as was observed in other thermophilic glycosidases (reviewed in Cobucci-Ponzano et al. 2011a ); thus, we tested if mutating other carboxylic acid residues in the vicinity of the catalytic diad may lead to improved transgalactosylation. Multialignments and inspections of molecular models of Aaβ-gal showed that Asp276 and Glu361 were invariant in GH42 and close to the catalytic residues ( Figure S9 and Figure 2 ). The kinetic characterization of the Asp276Gly and Glu361Gly enzymes showed that both mutations affected catalysis, with the former showing a 17-and 57-fold, respectively, lower k cat and K M than those of the wild type, in a similar manner to that seen with the acid/base residue Glu157 (Table I ). The inspection of the 3D-structural model of Aaβ-gal showed that Asp276 occupies the +1 subsite of the substrate-binding pocket at a distance (2.5 Å) compatible with a H-bond with Glu157 ( Figure 2 ). The dramatic decrease in the K M values of Asp276Gly compared to the wild type results from the accumulation of the glycosyl-enzyme intermediate, thereby resembling the effect of the mutation of the acid/base residue Glu157 (Table I ). In fact, although the Glu157Gly mutation affects both the glycosylation and the deglycosylation steps (Figure 1) , the good leaving ability of the 2-nitrophenol of the β-D-Gal-2NP activated donor means that less assistance from the acid catalyst is required to complete the glycosylation step. In contrast, the lack of the base catalyst in the mutant impairs the activation of the acceptor water and causes the accumulation of the glycosyl-enzyme intermediate. However, the unchanged pH profile, compared to the wild type, and the absence of chemical rescue and synthesis of galactosyl azide products (Figure 3 and Table I , respectively) indicate that Asp276 is not directly involved as an acid/base catalyst.
In contrast, the k cat of the Glu361Gly mutant, which was >400-fold lower than that of the wild type, increased by up to about 30-fold in the presence of externally added sodium azide (Table I) . Unexpectedly, this chemical rescue led to large amounts of transgalactosylation products also in the presence of different acceptors (Figures 4-6) . The characterization and quantification of the reaction products (Table II, Figures 6-8, and Supplementary Figures S12-S53 ) demonstrated yields up to 177-fold higher than that of the wild type with a good regioselectivity (up to 76% of β-1,3 products with the β-D-Glc-4NP acceptor). The ability of the Glu361Gly mutant to most efficiently promote transgalactosylation reactions only in the presence of external ions, while wild type Aaβ-gal is quite inefficient at transgalactosylation ( Figure 7E ), is quite unusual and useful. For the wild type enzyme, deglycosylation was the rate-determining step for the hydrolysis of β-D-Gal-2NP, as we demonstrated through nucleophilic competition experiments wherein steady-state rates were increased in the presence of molecules working as competing external nucleophiles, as seen for other GHs ( Figure S11 ) (Vocadlo et al. 2002; Tarling et al. 2003) . The increases in both k cat / K M and k cat in the presence of anions tell us that both steps (glycosylation and deglycosylation (Wang et al. 1995; Bissaro et al. 2015) ) are accelerated in their presence. The difference in free energy between mutant and wild type (ΔΔG TS calculated from the mutant k cat /K M on β-D-Gal-2NP dropping from 16.87 to 13.15 kJ mol -1 in sodium azide) and the synthetic relative yields (Table I and II, respectively), indicated that sodium azide partially rescued the TS destabilization produced by mutation and improved the transglycosylation efficiency. This was observed for other GHs mutated in their −1/−2 subsites (Mori et al. 2002; Aronson et al. 2006; Placier et al. 2009; Teze et al. 2014 Teze et al. , 2015 . The increased transglycosylation activity of Glu361Gly can be explained by the sodium azide filling the cavity in the −1 subsite created by mutation ( Figure 2C and E) and increasing the T/H ratio by modifying the water-binding mode. However, it is also possible that better transglycosylation could be due to improved acceptor binding and reduced hydrolysis of transglycosylation products once formed. This is exemplified by the different efficiencies of wild type and mutant on β-D-Gal-2NP and lactose donors (Table I) resulting from the good leaving group ability of 2-nitrophenol (pK a 7.22), which is better than that of glucose (pK a 12.28 (Inoue et al. 2011) ) possibly along with an ortho effect . Thus, GOS products, possessing aglycones with reduced leaving ability, are inefficiently hydrolyzed and accumulate in the reaction. This is the first case, to the best of our knowledge, that sodium azide and sodium formate, in combination with site-directed mutagenesis, have been used to introduce transglycosylation activity into a GH. We propose that this results from a combination of (i) the destabilization of the TS of water-mediated deglycosylation, (ii) the ion-driven removal/re-orientation of water molecules in the vicinity of the catalytic center and (iii) a reduced ability of the mutant to hydrolyze substrates containing poor leaving groups. These observations will hopefully guide further efforts to convert GHs into useful synthases.
Materials and methods
Preparation of the Aaβ-gal Asp276Gly and Glu361Gly
All the mutants were prepared by using the GeneTailor™ Sitedirected Mutagenesis System kit (Invitrogen, USA), the plasmid pGex-Aβgal (Di Lauro et al. 2008) , and the following primers (Primm Biotech Services, Milan, Italy) (mutations underlined):
D276Gmut2: 5′-GCTCGACGTCATCTCGTGGGGCAGCTATCC GC-3′ D276Grev2: 5′-CCCACGAGATGACGTCGAGCACGTCGCGG AAG-3′ E361GmutAS: 5′-ACCACGGCGCCGTGGAACTTTCCATACGA TCCGC-3′ E361GrevS: 5′-AAAGTTCCACGGCGCCGTGGTCGATCATGTC G-3′ E157SmutAS: 5′-CAGTGGCATTCGCCGCCGTAGCTGTTCGAC ACGT-3′ E157QmutAS: 5′-CAGTGGCATTCGCCGCCGTACTGGTTCGA CACGT-3′ E313SmutS: 5′-CTCAAGAAGCCATTTCTGCTCATGTCGTCCA CGCCGAG-3′ E313DmutS: 5′-CTCAAGAAGCCATTTCTCCTCATGGACTCCA CGCCGAG-3′
All mutant genes were sequenced to ascertain the presence of the desired mutation.
Production of recombinant Aaβ-gal wild type and mutants
The mutants and wild type of Aaβ-gal from A. acidocaldarius were produced as fusion proteins with Glutathione-S-transferase (GST). The plasmid containing the gene, pGex-Aβgal (amp r ), was used to transform E. coli RB791 cells. They were grown in 2 L of LB broth, with ampicillin 50 µg mL
, at 37°C. Expression of the gene was induced by the addition of 0.5 mM IPTG when the culture reached an OD 600nm of 1.0.
Growth was allowed to proceed for 16 h and cells were harvested by centrifugation at 5000 × g. The resulting cell pellet was resuspended in PBS 1× (150 mM NaCl, 20 mM phosphate buffer pH 7.3) with 1% Triton X100 in a 1:3 ratio (w:v) and incubated for 60 min at 37°C with 20 mg of lysozyme and 10 mg of Benzonase ® (Novagen, Germany).
Subsequently, the sample was homogenized by French cell pressure treatment. After centrifugation for 20 min at 30,000 × g the crude extract was purified by affinity chromatography on Glutathione Sepharose™ 4B (GE Healthcare, UK). The active pool was then subjected to thrombin treatment on the resin in order to recover Aaβ-gal wild type and mutants free of the fused GST polypeptide. All the purification procedures were achieved with a matrix dedicated only to each specific mutant, in order to exclude contamination by the wild type enzyme. The samples stored at 4°C in PBS buffer were stable for several months. Wild type and mutants were produced at about 35 mg L −1 of culture except for the Asp276Gly mutant that gave lower yields (about 10 mg L
−1
). After a single purification step Aaβ-gal wild type and mutants were 95% pure by SDS-PAGE.
Enzymatic characterization of Aaβ-gal wild type and mutants
The standard assay for the β-galactosidase activity was performed in 50 mM sodium citrate buffer at pH 5.5 at 65°C on β-D-Gal-2NP 20 mM. Typically, in each assay we used 0.05-2 μg of enzyme in the final volume of 1.0 mL. One unit of enzyme activity was defined as the amount of enzyme catalyzing the hydrolysis of 1 μmol of substrate in 1 min at the conditions described.
Kinetic constants of Aaβ-gal wild type and mutants, on β-D-Gal-2NP, were determined at standard conditions at 65°C by using concentrations of substrate ranging between 0.01 and 40 mM as reported in Table SIII . The ε mM extinction coefficient for 2-nitrophenol at 405 nm at standard conditions and 65°C was 1.14 mM
Kinetic constants for change of lactose were determined by using the lactose/D-galactose kit (Megazyme, Ireland) by following the indications of the manufacturer. The activity of the mutant Glu361Gly in presence of external ions was measured at standard conditions with different concentration of sodium azide (0-2.8 M) and sodium formate (0-4.0 M). The pH of the reaction mixture was carefully measured before assays and the effect of the ions was negligible even when used at the highest concentrations.
Kinetic constants determination at different pH
Kinetic constants of Aaβ-gal wild type and mutants, on β-D-Gal-2NP, were measured at 65°C in a range of pH between 4.5 and 8.5 in different buffer solutions with final concentration 50 mM:sodium citrate (pH 4.5-5.5), sodium phosphate (pH 5.5-8.0) and sodium borate (pH 8.0-8.5).
The ε mM extinction coefficient at 405 nm for 2-nitrophenol at 65°C was accurately measured for each pH: pH 4.5 (0.56 mM 
Transgalactosylation reaction analysis
To compare the transgalactosylation abilities of the wild type and mutant Glu361Gly, reactions of 250 mL containing 20 mM β-D-Gal-2NP as donor and 40 mM β-D-Glc-4NP, α-D-Xyl-4NP and β-D-XylMe, as acceptors, in 50 mM sodium citrate buffer (pH 5.5), 50 mM sodium azide at 65°C were incubated with 1.62 hydrolytic units of both wild type (2.3 µg) and mutant Glu361Gly (18 µg). Aliquots were withdrawn at time intervals up to 16 h. The products were separated on a silica gel 60 F254 TLC using ethyl acetate-methanol-water (70:20:10 v:v:v) as eluent and were detected by exposure to 4% α-naphthol in 10% sulfuric acid in ethanol followed by charring. The optimal molar ratio between donor and acceptor for the transgalactosylation (1:2) was established by preliminary tests using different molar ratios from the 20 mM saturating concentration of the donor (data not shown).
The activity of the mutant Glu361Gly, under transgalactosylation conditions, was measured by spectrophotometric assay at 405 nm.
Analysis of transgalactosylation efficiency of Aaβ-gal wild type and Glu361Gly mutant, was performed by use of a HPAEC-PAD as reported in Cobucci-Ponzano et al. (2011b) . Briefly, after 2 h of incubation, the reaction mixtures and the blank mixtures described above were diluted 1000-fold with ddH 2 O with the addition of 0.5 nmol arabinose as internal standard, loaded onto the Ion Chromatography System ICS3000 equipped with a PA200 column (Dionex, USA) and eluted with 20 mM NaOH at a flow rate of 0.5 mL min −1 . The concentration of galactose was determined by integration of the peaks within the chromatogram, based on galactose and arabinose standard curves. The amount of galactose transferred by the enzyme to water was calculated by subtracting the amount of free galactose measured in the blank mixtures from that identified in the reaction mixtures.
To measure the total amount of galactose enzymatically transferred, 125 µL of the reaction mixtures were incubated for 90 min at 65°C in the presence of 5 mg Aaβ-gal wild type. Successively, the solution was treated as described above and analyzed by HPAEC-PAD to measure the total amount of galactose. The efficiency of the transgalactosylation reaction was calculated as: [(total amount of galactose transferred − moles of galactose transferred to water)/total amount of galactose transferred] × 100.
Characterization of the GOS
The glycosynthetic reactions (4 mL) were performed using β-D-Gal-2NP (24.1 mg) as donor and β-D-Glc-4NP (48.2 mg) or α-D-Xyl-4NP (43.4 mg) as acceptor in 50 mM sodium citrate buffer (pH 5.5), 50 mM sodium azide at 65°C and incubated for 2 h with 360 µg of the mutant Glu361Gly.
The obtained products were first separated on a Biogel P-2 column, using water as eluent. The fractions containing oligosaccharides were then purified by RP-HPLC on a Synergi Polar column (Polar-RP 80A, Phenomenex, 4 μ, 250 × 10 mm 2 , flow 0.4 mL min 
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